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Introduction
The light initiated response of photosensitive cells -the receptor potential -is known to be influenced by light-induced reactions in visual pigments and by changes in conductivity of the photoreceptor membrane.
Measurements of vertebrate rhodopsin-reaction kinetics and investigation of rhodopsin conformatio nal changes initiated by light indicate that the con version of metarhodopsin I to metarhodopsin II is most probably coupled with the conductivity change of the photoreceptor cell membrane responsible for the production of the receptor potential1 3.
There exist a number of papers which deal with a pH dependence of the photopigment reactions in vertebrates2-11. Ostroy and coworkers2,3 were interested in the correlation of the chemical changes of rhodopsin and the late ReP of the retina. They found that illuminated cattle rhodopsin takes up a proton during the meta I-> meta II conversion and re leases protons during later stages of the photochemi cal conversion of rhodopsin. Similar findings have been obtained by others on cattle rhodopsin solu tions 4-6. Hydrogen ion changes after illumination * Dedicated to Prof. Dr. K. von Haffner (Hamburg).
were also measured in cattle and frog rod outer segments (ROS) suspensions7-10. In our labora tory Stieve, Wilms, and Noll 11 found that, for cattle rhodopsin, the transitory existence of meta-rhodopsin I is longest at pH 7. This could mean that the coupling between photochemical and conductivity change is most efficient at this pH.
Only few papers dealing with the influence of pH on invertebrate rhodopsin have been pub lished 12_14. Hubbard and St. George12 demon strated that squid metarhodopsin contains a single acidic-binding site with a pK of 7.7. Wald 14 de monstrated that the crayfish 562 nm pigment (in digitonin extract) is selectively destroyed at pH 9.0.
The pH also influences those properties of the cell membranes which control ionic transport.
Hille's experiments on the nerve membrane have shown that hydrogen ion changes cause changes of the sodium permeability 15. Deuticke found that pH influences the red blood cell membrane and causes shape changes. He refers those changes to altered membrane properties 16. and Ostroy 3. The suggest that the meta I meta II reaction most likely causes or leads to the genera tion of the receptor potential of the retina. Ward and Ostroy2 investigated the relation between rhodopsin photolysis, accompanied by hydrogen ion changes and the late receptor potential in the bull frog retina. They also investigated the late re ceptor potential as a function of different buffers, different buffer-concentrations and pH and con cluded that increasing the pH of the environment or increasing the buffer concentration increased the ReP amplitude.
Sickel described that acidic environments can mimic light-and alkaline environments can mimic dark-adaptation in frog retinas. The mechanisms of these phenomena are not understood; it may be im portant that calcium, in this respect, acts similar to hydrogen ions 17.
All the referred studies are confined to the light response of vertebrate photoreceptors. Little is known about the influence of pH on invertebrate photoreceptors. Stieve (1964) reported that salines of pH from 6.5 to 9.5 had little effect on the recep tor potential of the hermit crab eye 18. This paper presents a continuation of our study on the ionic mechanism of the light initiated receptor potential of the invertebrate photoreceptor 18~22.
In the experiments, the results of which are pre sented below, the effects of prolonged application of salines of different pH, adjusted and stabilised by different buffer systems, were examined.
Material and Methods
The experiments described in this paper were per formed in three groups based upon the buffer sub stance used to adjust the pH of the saline: Tris, glycine, and phosphate. Excised retinas of Eupagurus bernhardus L. were stimulated by light and the response, the receptor potential (ReP), was re corded using extracellular electrodes. In each group of experiments the RePs obtained in test saline were compared with the RePs obtained in saline of pH 7.5 adjusted with the same buffer. Preparation of the retina, the amplifying and recording appara tus have been described previously . The pH was adjusted to the desired value using the following buffers:
b. Buffer solutions 1. Tris 10 m M Tris-HCl (hydroxymethyl-aminomethanehydrochloride) was added to the saline to obtain solutions buffered at pH 3.5, 5.5, 7.5, and 9.5.
(Buffering capacity at pH 3.5 was very much re duced.) The osmotic pressure was held constant by an equivalent reduction in the amount of sodium chloride.
Glycine
Salines containing 5.0 m M glycine (final concen tration were titrated with HC1 or NaOH to yield pH values of 5.5, 7.5, and 9.5.
Phosphate
Salines of pH 5.5, 7.5, and 9.5 were prepared using minimal volumes of 12 m M stock phosphate buffer prepared after Britton and Robinson 23.
The temperature during the experiments was ap proximately 10 °C. The hydrogen ion concentra tions were measured with a pH-meter (Fa. Knick, type pH 22).
Procedure
The retina was illuminated by white light at regu lar time intervals, and the electrical response to light, the ReP of the visual cells, was recorded using extracellular electrodes. In most of the ex periments the retina was stimulated every 10 min with a one second light flash. Every 30 min a shorter light flash of about 20 ms duration was applied.
Apart from these light stimuli the preparation was kept in the dark during the experiment which lasted 3 hours or more. The duration of the experi ment, t, was measured from the beginning of the pre-period.
After a pre-period of 60 min, during which the retina was superfused with saline of pH 7.5, the preparation was exposed to the test saline of dif ferent pH for 60 min (the test period). The experi ments ended after another 60 min of superfusion with saline of pH 7.5 (the after-period). In the evaluation, the ReP registered after the 60 min sojourn in the test saline (b-value) and the ReP after 60 min superfusion, again with normal saline, (cvalue) were compared with the last ReP of the pre period (a-value).
In all figures negative voltage is plotted in the upward direction.
The following measurements were made to characterise the RePs and served as a basis for the evaluation: The shape-quotient, hmax/he, was also deter mined. In the following the stimulus duration r will appear, if necessary, as a subscript to the re spective measured quantity {e.g. Am aXsJ = hmax after light flash of 2 0 ms duration).
For evaluation of a group of experiments the measured parameters of the RePs are normalized (%) with respect to the values obtained at the end of the pre-period.
Results

Tris-buffer
Fourteen experiments were performed with Tris buffered saline at four different pH values; 3.5, 5.5, 7.5, and 9.5.
pH 3.5
The measured values of ReP parameters elicited both by short and long light flashes in four experi ments at pH 3.5 are presented in Table I . Fig. 1 shows RePs recorded by short and long light flashes in one experiment of this series and Fig. 2 shows the changes of some parameters with time during this experiment.
The RePs caused by short light flashes in this acidic saline were markedly reduced in size (maxi mal amplitude, Amax , about 25 per cent) and de creased yet more during the after-period, reaching values as low as 19 per cent. The latency, t\ , was irreversibly prolonged (to about 120 per cent). The peak-amplitude time, <max, was reduced to about The amplitudes, /imax and he, of RePs produced by long light flashes were both reduced but he was reduced somewhat more than Amax , yielding a shape quotient of about 150 per cent. During the after period, Amax decreased more than he, yielding a shape quotient of 125 per cent. The f,n;)X-period was not significantly changed.
pH 5.5
The results of three experiments in which retinas were superfused with saline of pH 5.5 are sum marized in Table II. The only significant change observed in this series of experiments is in the reduction of tmaX20. All other changes are not significant but are, gener ally, in the same direction as in the preceding ex periments.
pH 9.5
The results of seven experiments in which retinas were superfused with saline of pH 9.5 are sum marized in Table III . Oscillograms of RePs elicited by short and long light flashes in one experiment are presented in Fig. 3 .
The effects of pH 9.5 saline on the measured characteristics of ReP generally resembled those of acid salines but were less marked. Peak amplitudes were irreversibly reduced to about 80 per cent, t.2 was decreased and then irreversibly increased, amplitudes of h0 and h.t were reduced but exhibited reversibility (Aa even exceeded control values after wash out of the test saline) as did t2 and tm aXi0M .
Glycine-buff er
Four experiments were performed with glycinebuffered saline; two at pH 5.5 and two at 9.5.
pH 5.5
Table IV summarizes the results of experiments with saline buffered with glycine at pH 5.5.
The results obtained with glycine buffered saline, pH 5.5, resemble the effects obtained with Trisbuffered saline, pH 5.5, but were more drastic and more reversible. The only noteworthy difference is that the repolarisation time, t.y, was irreversibly reduced and that glycine-buffered saline did not change the peak-time, fmax, until the end of the re covery period. The latency, t\ , was reversibly pro longed to 135 per cent.
pH 9.5
Table V summarizes the results obtained from retinas superfused with glycine-buffered saline at pH 9.5.
The results obtained with glycine-buffered saline, pH 9.5, were at variance with those obtained in Tris-buffered saline of the same pH. Peak ampli tudes of the ReP increased during the after-period, ^max was little affected and the plateau magnitude, h(. was irreversibly enhanced, what reduced the shapequotient to about 70 per cent. The only similarity in the effect of glycine and Tris buffered saline was that both lengthened the latent period of the ReP. The peak-amplitude times Jm aX20 and Zmax1 0 0 : > were not significantly changed.
Phosphate-buff er (Britton-Robinson solution)
The results of eleven experiments in which retinas were superfused with phosphate buffer are sum marized in Table VI (5 expts. -pH 5.5) and Table V II (6 expts. -pH 9.5). Only 500 ms light flashes were used in these experiments. 
pH 5.5
Saline buffered with phosphate, pH 5.5, markedly reduced the peak and plateau amplitudes of the ReP, an effect which was only partially reversible; the effect on the plateau, AP, was relatively stronger than on the peak amplitude, hmax . The peak time, *max ? had decreased only at the end of the recovery period.
pH 9.5
Saline buffered with phosphate at pH 9.5 pro duced essentially the same effects as saline buffered at pH 5.5 (reduction of the peak-and plateau-amplitudes of the ReP) with one exception; the peak time, Zmax ) increased at the end of the after period to about 130 per cent. However, the results pertaining to the peak are limited to one experiment, for in the others the ReP did not exhibit a maximum.
The effects of the three buffers at various pH's on the ReP magnitude can be compared :
The results obtained must be compared cautious ly because 1. only twT o experiments at each pH-value with glycine buffered saline were performed, 2. in phosphate-buffer no short stimuli were applied, and 3. in five of six experiments at pH 9.5 in phosphatebuffer the RePs did not show a distinct transient maximum. However, despite these limitations, cer tain trends are apparent. Fig. 4 shows the magnitudes of the maximum amplitude, Am aX]000 of the RePs obtained in Tris-, glycine-, and phosphate-buffer salines at the four different pH values. The diagram permits of com parison of the action of three different buffers al pH 3.5, 5.5, and 9.5. (Experimental data at pH 7.5 in the corresponding buffer were used as reference values.)
Generally, it can be stated that the magnitudes of the transient, Amax, and the plateau, he, of the ReP are much lower in phosphate-buffer than in Tris-and glycine-buffered-salines at all pH-values tested. One effect which was common for all experi ments, independent of pH and buffer used, was an irreversible prolongation of the latency, t\ . Although the effects of pH on the characteristics of the ReP were reproducible, the reversibility of these effects was generally poor. This poor reversibility of the pH-induced changes of the ReP is in striking contrast to the relative good reversibility of those changes of the ReP in duced by other ionic alterations of the extracellular environment under the same experimental conditions (see ref. 18 -22) .
Acidic salines
The maximal amplitude, hmax, decreased at pH 5.5 in all buffer solutions. In Tris the decrease was irreversible, while in glycine the reversibility was better, although the decrease was more marked. The most remarkable (but to some extent reversible) reduction of the maximal amplitude occurred in phosphate-buffer. The shape-quotient, hmaJ h 0 ? re mained about the same in Tris and glycine, but was temporarily increeased to almost twice its value in phosphate-buffer. The peak-amplitude time, fmax,0 0 " > was unchanged or slightly decreased. Comparisons at pH 3.5 are not possible because at this pH only experiments with Tris-buffer were performed. The changes observed at this pH, however, were similar to the above, but more drastic (also t.2 was distinct ly shortened).
Alkaline salines
All buffers at pH 9.5 reduced the ReP-amplitude, Amax • The reduction was small in Tris-and glycinebut very marked in phosphate-buffer. The changes were irreversible. The shape-quotient was virtually unaffected by Tris and decreased irreversibly by glycine because the amplitude, he, increased. This effect was even more marked in phosphate saline, which was indicated by the disappearance of hm. dX . Generally the peak-amplitude time, £max, did not change significantly in any of the three buffers. Only in Tris-buffer imaXj0 and £m aXlooo were both slightly decreased.
The changes of the RePs recorded under the con ditions of our experiments can be summarized:
1. At dißerent pHs (acidic compared to alkaline) the maximal amplitude, hmax, was reduced in all cases with one exception (Tris pH 5.5). The shape-quotient, Amax/Ae ? was not changed or in creased (for pH 3.5) in the acidic range, while in the alkaline range (pH 9.5) it was unchanged or decreased (for glycine-and phosphate-buffers).
2. Regarding the effects of the dißerent buffer solu tions the decrease of hm AX and the influence on hm&x/he was stronger in phosphate-buffered saline than in Tris-buffered saline, while the effects in glycine-saline lay in between.
3. The reversibility of the observed effects of the three buffer solutions was generally poor (as compared to the influence of other substances on the ReP). It was worst in Tris-saline and best pronounced in glycine-buffered saline.
Discussion
The observed effects of pH on the ReP may con sist primarily of pH-dependent reactions of the fol lowing systems of photoreceptor cells which govern or influence the response to light:
1. The visual pigment; 2. systems which determine membrane properties, especially membrane conductivity and lightinduced changes; 3. other systems in the visual cell which secondarily influence the processes controlling the generation of the ReP.
It is unlikely that only one of the above systems is responsible for the observed pH dependence of the ReP. The observed effects of pH seem to be of a complex nature. For instance, the binding of pro tons on the membrane surface or in ionic channels (which is probably taking place) cannot alone ac count for the maximum in the pH dependence curve of the ReP (Fig. 4) .
In the photochemical conversion of vertebrate rhodopsinn , the life time of metarhodopsin I is maximal between pH 6.5 and 7.5. Since it is prob able that the reaction, meta I meta II, is linked to the conductivity change of the photoreceptor mem brane, one would expect a maximum of the ReP amplitude between pH 6.5 and 7.5, which was ob served in the experiments described above. However, Ward and Ostroy2 did not find such a pH depen dence in their experiments on the vertebrate retina. The amplitude of the ReP increased with increasing pH and the pH dependence curve exhibited no maxi mum or plateau in the range of pH investigated (between 6.5 and 9.0). This leads to the conclusion that the height of the vertebrate ReP is not primari ly governed by the pH dependence of the visual pig ment reactions but, rather, by other properties of the photoreceptor cell (membrane?), at least when pH changes extracellularly.
The effects on the ReP observed in our experi ments in acidic pH's are similar to the results of Hille 15 who found that the conductivity of the node of Ranvier in frog nerve quickly and reversibly de creased in the pH range from 7.5 to 4.0. This change exhibited a pK of 5.2, leading to the con clusion that the inside of the Na+ channel has acidic polar groups. The effects of alkaline pH on the ReP in our experiments are not in accord with the re sults of Hille. This could mean that the possible Na+ channels of invertebrate photoreceptor membranes could have characteristics different than those of vertebrate axons, an inference supported by the fact that tetrodotoxin does not block Na+ influx in in vertebrate photoreceptors 22. The discrepancy could also be explained by assuming that alkaline salines affect rhodopsin or other properties of the inverte brate photoreceptor membrane in such a manner as to produce the observed maximum in the ReP magnitude-pH curve.
The relatively poor reversibility of the effects of pH on the ReP agrees well with the findings of Ward and Ostroy2 in vertebrate photoreceptors. This poor reversibility could be explained, for in stance, by permanent changes in the molecular structure of the cell membrane.
In addition to the above described effects, second ary effects could possibly influence the ReP, for instance by affecting ATP-ase system. The ouabainsensitive sodium pump is generally accepted to be identical with sodium-potassium activated ATP-ase which exists in cell membranes across which a con centration gradient for sodium and potassium exists. ATP-ase activity is found both in the intact verte brate retina and in a suspension of rod outer seg ments24-28. The optimal pH for ATP-ase activity in homogenates of Sepia retinas is 7.1 and the acti vity curve has quite a sharp maximum 29. The ob served effect of pH on the RePs and its irreversibili ty may be caused, to some extent, by affecting ionic pump activity or another enzyme systems.
For instance the activity of another membrane bound enzyme (s), 5AMP-and 5GMP-nucleotidase(s), in bovine ROS has a maximum at pH 8.5 30.
Two aspects of the results obtained in our experi ments were relatively unexpected.
1.
The transient and plateau magnitudes were about equally affected by the changes of pH. This is in striking contrast to all the other experiments we have done, in which the external environment of visual cells was altered19,21. Furthermore pH changes to values below or above 7.5 did not cause marked pH-characteristic changes of the ReP. The only (small) differences worth mentioning concern the relative influence on the amplitudes of the transient and the steady state value of the ReP and quantitative differences on the rate of repolarization of the ReP in alkaline and acidic salines. In solu tions of alkaline pH one would expect, especially in phosphate buffer, a lowered concentration of free calcium ions. Reduction in [Ca2+]out causes he to increase and this may be responsible for the fact that, in alkaline phosphate saline, transient maxima of the ReP were rarely observed. On the other hand, lowering of the concentration of free calcium causes an increase of t2 (Stieve and W irth 19) which is clearly opposite to the results described above. The observed shortening of t.2 must have other reasons. The concentrations of phosphate used in our ex periments are within the range of concentra tions which have been used by different investiga tors 2' 17j 31.
2.
The relatively poor reversibility of the pH ef fects is also in contrast to most of the results of previous ion substitution experiments. In the present experiments the reversibility was poorest when Tris was the buffer. In former experiments 21 where all the Na+ -ions in the extracellular solution were sub stituted by Tris at pH 7.5 the ReP showed only small changes and good reversibility. This observa tion rules out a specific damaging action of Tris on the cell membrane at pH 7.5.
In contrast to results obtained in previous ion substitution experiments, the effect of pH in lenthening the latent period of the ReP and in shortening Jmax at the same time, is surprising. The increase in latency suggests that the processes leading to the opening of ionic channels are slowed and that the change in conductivity is smaller and of shorter duration. This interpretation is in agreement with the fact that the increase in latency and shortening of tU ].lx are relatively small compared to the changes in voltages of the ReP.
The differences in the effects of the buffer systems used are not easy to explain. Hille did not find dif ferences in the action of various buffers on the con ductivity of the nerve membrane 15. The differences of the buffer-effect in our experiments are quantita tive; Tris has a small effect on ReP magnitude, which is virtually not reversible, whereas glycine has a large effect on ReP magnitude, and this effect is much more reversible. It is possible that the buffer ing capacity of buffers used varied and may not, in all cases, have controlled the pH in the close vicinity of the cell membrane. Ward and Ostroy 2 observed (for bullfrog retina) that the ReP amplitude in creased with increasing buffer concentration.
The relative effects of the three buffers used are similar at low and high pH. Since the buffering capacity of Tris and phosphate saline at low pH is considerably lower than glycine buffered saline, it would appear that the observed differences are not attributable to differences in buffering capacity.
The effects of pH, described above (Fig. 4 ) re semble the general shape of enzyme activity versus pH curves. This could be attributed to a pH depen dence of the activity of some membrane protein which controls the ReP magnitude. However, it is most probable that a number of other effects con tribute to the shape of this relation.
